Transcription factors (TFs) and their combinatorial control on cis-regulatory elements play critical role in the co-expression of genes. This affects the interaction of genes in the transcriptome and thus may affect signals that cascade through cellular pathways. Using a combination of bioinformatic approaches, we sought to identify such common combinations of TFs in a set of ethanol-responsive (ER) genes and assess the role of ethanol in affecting multiple pathways through their co-regulation. Our results show that the metallothionein genes are regulated by TF motifs cAMP responsive element binding protein (CREB) and metal-activated transcription factor 1 and primarily involved in zinc ion homeostasis. We have also identified new target genes, Synaptojanin 1 and tryptophan hydroxylase 1, potentially regulated by this module. Altered arrangement of TF-binding sites in the module may direct the action of these and other target genes in intracellular signaling cascades, cell growth and/or maintenance. In addition to CREB, other key TFs identified are ecotropic viral integration site-1 and SP1. These modulate the contribution of the target ER genes in cell cycle regulation and apoptosis or programmed cell death. Multiple lines of evidence confirm the above findings and indicate that different groups of ER genes are involved in different biological processes and their co-regulation most likely results from different sets of regulatory modules. These findings associate the role of the ER genes studied and their potential TF modules with alcohol response pathways and phenotypes.
Introduction
The completion of a number of genome-sequencing projects, including human and mouse, now offers a number of novel challenges. We have begun with such questions as which gene encodes which protein. Results have permitted us to investigate the interaction of gene products inside the signaling networks required for proper gene expression to accomplish cellular function(s). Consequently, identifying which regulatory factor or combination of factors activates or represses a specific gene is a prerequisite for understanding cell fate and function. In this context, cis-acting-regulatory elements are important molecular switches that are turned on or off partly by specific trans-acting factors. Their interactions allow transcriptional regulation of a dynamic network of gene activities controlling various biological processes such as signal transduction, apoptosis, cell growth and proliferation. Further, these interactions may be altered by a variety of exposures and challenges, including alcohol.
The physiological effects of alcohol are known to include drunkenness, toxicity and addiction leading to alcoholrelated health and societal problems. [1] [2] [3] These effects are mediated by alcohol's effect on the expression of a large number of genes. [4] [5] [6] [7] [8] We have established that alcohol causes altered expression of genes belonging to a number of cellular pathways including stress response, ethanol metabolism, protein modification, gene regulation and cell signaling. 7, 8 Consequently, these genes affect multiple cellular events contributing both positively and negatively to a large number of biological pathways in ethanol response cascades. 9 Therefore, an understanding of regulatory gene networks in ethanol response cascades is very critical. To this end, a functional analysis of cis-acting elements harbored in the promoter sequences and their corresponding transcription factors (TFs) is desirable.
A central structural feature of the regulatory logic of cisregulatory regions is their combinatorial nature. 10 In higher eukaryotes, most promoters and gene-regulatory regions are comprised of an integrated network of modular or 'composite' TF-binding sites (TFBS) [10] [11] [12] whose specific arrangement determines the expression specificity of the gene(s). A set of distinct TFBS that make up a regulatory constituent is called a cis-regulatory module. Multiple TFs bind to composite modules in a linked or coordinated manner. Control of this network is hierarchical and progressive. It is likely that different sets of TFs bind to different sets of genes of various functional categories. Precise understanding of which TFs participate in a module to co-regulate which ethanolresponsive (ER) gene set, and how each participating TF itself is activated in the ER pathway, has now become a necessity. New strategies are required that aim to identify both the cis-regulatory sequences of any given gene and the trans-acting-regulatory factors that recognize these elements as their target site(s). This is needed to elucidate the mechanism underlying alcohol's physiological effect contributing to such phenotypes as alcohol preference, dependence and alcoholism, among others. The goal of this study is to perform a comprehensive analysis on a set of ER genes 8 as a model for such studies. We plan to identify the regulatory elements, TF motifs and cis-regulatory modules (CRM) associated with these genes. The results will be portrayed onto pathway information from published literature and will be used to associate genes and their regulatory models with biological processes and functions. This will advance our understanding of what genes and factors these ER genes are interacting with and how ER signals lead to a cascading effect.
Results and discussion
Literature and promoter sequence analysis Our initial analysis with Bibliosphere recognized 43 genes in the literature fulfilling the condition that at least two of the input genes were co-cited within an abstract. These genes were found co-cited with over 450 other genes most of which were known TFs. Application of the gene ontology (GO) filter 'biological process' (to the results) categorized the input genes into subgroups according to their z-score (direction and distance of deviations of an item from its distribution's mean) values (Table 1) . Genes in each subgroup are likely to represent a functionally correlated group based on their common GO annotation, the rationale being that most pathways belong to particular biological processes. 13 Major GO biological process categories containing two or more input genes and significant z-scores were 'zinc ion homeostasis,' 'regulation of enzyme/kinase activity,' and 'regulation of cell cycle and apoptosis.' The top scoring category was 'zinc ion homeostasis' with a z-score of 19.78 which included the metallothionein genes metallothionein 1 (Mt1) and metallothionein 2 (Mt2). Each gene was then separately reanalyzed in Bibliosphere applying a higher stringency (see Materials and methods) to identify TFs that are co-cited in the literature with the genes in each subgroup. Results presented in column 4 of Table 1 show that some TFs are subgroup specific e.g. Mtf1 (subgroup 1), Genes belonging to each subgroup were subjected to extensive sequence and statistical analysis using Genomatix tools FrameWorker and ModelInspector, 14 and databases such as GPD (Genomatix promoter database, release 3, www.genomatix.de) in order to identify statistically significant combinations of TFs that may function as a CRM(s) and direct an effect on different cellular pathways.
FrameWorker returns CRM models that are common to the input sequences and that satisfy to the user parameters. These models contain elements that occur in the same order and within a 50 bp distance range in all (or a subset of) the input sequences. FrameWorker also determines the specificity of models by scanning each generated model with a background promoter sequence set of 5000 human promoters. The results of this search are used to check whether the models can also be found in a set of randomly selected promoters. The specificity score (P-value) is the probability of obtaining an equal or greater number of sequences with a model match in a randomly drawn sample of the same size as the input sequence set. The lower this probability is, the higher the specificity of the model. Based on the above criteria we selected CRM models (Table 2 ) with the best scores and P-values from each of the 'biological process' subgroups. When selected models were further tested and scanned against the Genomatix human, mouse, or rat promoters using ModelInspector, the search results were also evaluated by calculation of z-scores for GO groups (categories 'biological process' and 'molecular function'). This evaluated whether the genes identified by the model were functionally related.
Zinc ion homeostasis
The FrameWorker results showed that the top-scoring CRM models in this category consisted of one two-element model (Zih_1), five three-element models (Zhi_2-6), and one fourelement model (Zih_7) ( Table 2) . Interestingly, a number of TFBS motifs appeared common in different models, such as CREB, metal-activated transcription factor 1 (MTF1), E2FF, AHRR, EGRF and TBPF. Searching the mouse promoter database with ModelInspector revealed that models Zih_2, Zih_3, Zih_4, Zih_5, Zih_6 and Zih_7 did not receive any hit with any promoter sequence. Moreover, literature analysis also verified the irrelevancy of these models. For example, the TF motif AHRR predicted in models Zih_4, Zih_6 and Zih_7, is known as a negative regulator of AH receptor (AHR), which mediates most of the toxic and biochemical effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin. 15, 16 Major involvement of AHRR has been reported in the dioxin/ AHR-signaling pathway 17, 18 which has no relevancy with zinc ion homeostasis. Similarly, erythroid Kruppel-like factor (EKLF), a TF in model Zih_2, is specific to erythroid cells and binds to the CACCC element in promoters. 19 The tissue distribution of EKLF indicates that its expression is limited to hematopoietic organs and intimately involved in Table 2 Potential cis-regulatory modules present in gene set belonging to each biological process subgroup Subgroup (biological process) Model the establishment and/or maintenance of the erythroid cell phenotype. [19] [20] [21] Model Zih_1, however, generated a total of 18 matches in 15 sequences in the mouse promoter database by ModelInspector. Once ModelInspector identifies significant hits from the promoter database match for a model, it also evaluates GO biological process and function that is to be represented by the gene set containing the model and calculates significance (z-score). For model Zih_1, category 'zinc ion homeostasis' was again overrepresented and evaluated with the highest z-score (e.g. 43 .00 and 70.26, respectively) consisting of Mt1 and Mt2 genes ( Table 3 ). This analysis also identified a new target gene, Synaptojanin 1 (Synj1), for module Zih_1 in the 'intracellular-signaling cascade' category and the gene tryptophan hydroxylase 1 (Tph1) in 'metal ion binding' category. Although not much is known about Synj1 in relation to ethanol or alcohol response, it is known to be involved in the regulation of synaptic vesicle function 22 and has been studied as a potential candidate gene for psychiatric disorders including bipolar disorder. 23, 24 Interestingly, the Tph1 gene product is known as a ratelimiting enzyme in the biosynthesis of serotonin and its activity is most abundant in the brain. 25 Alterations in brain serotonin (5-hydroxytryptamine) levels as well as disturbances in central serotonergic transmission are important contributing factors in the pathogenesis of many psychiatric disorders 26, 27 including alcoholism. [28] [29] [30] Tryptophan hydroxylase 1 alone has been reported to have a genetic association with and represent a major candidate gene for various psychiatric disorders 31 such as bipolar disorder, 32 alcohol dependence, 33 affective disorders and alcoholism. [34] [35] [36] However, no reports on TFs involved in the expression of Tph1 were found. One possibility regarding how this gene might be activated involves the TFs MTF and CREB as in model Zih_1 (Figure 1a ). Metallothionein genes Mt1 and Mt2, which we found to share the same regulatory module Zih_1, have been reported to have association with alcohol preference in mice. 37 Further studies are required to investigate the exact mechanism by which Synj1 and Tph1 genes may contribute in alcohol-related behavior.
Reanalysis of model Zih_1 by changing the distance range of the motifs from 5-50 to 5-100 bp reiterated above findings providing further proof of the major involvement of Mt1 and Mt2 genes in 'zinc ion homeostasis' through this model. Modified model Zih_1_mod yielded a total of 714 non-redundant matches in 703 sequences in the database. In addition, the result showed a global involvement of the TF motifs of Zih_1_mod in 'intracellular signaling cascade' and 'cell growth and/or maintenance.' In the former category, in addition to Mt1 and Mt2, 35 other genes were found to share the same model whereas in the latter category, 117 other genes were identified as potential targets of this model.
These findings suggest that the TFs CREB and MTF1 in their original pattern can bind to gene promoters which solely function in 'zinc/metal ion homeostasis.' However, in alternate binding position and orientation, CREB and MTF1 have the potential to bind to a large number of gene promoters including Mt1 and Mt2 whose function stretch beyond zinc ion homeostasis (Table 3) . These TFs may affect a number of cellular pathways affecting intracellular-signaling cascades and finally contributing to cell growth and/or maintenance.
MTF1 is best known to be a required TF for the basal and metal (e.g. zinc) induced transcription of metallothionein genes Mt1 and Mt2 38 and also believed to play a generalized role in regulating genes involved in protection against heavy metals and oxidative stress. [39] [40] [41] [42] Therefore, any model involving metallothionein genes in the 'zinc-ion homeostasis' category should include MTF1 transcription factor. On the other hand, CREB is known to control gene expression for a variety of functions in the central nervous system. 43 Exposure to ethanol causes changes in basal and receptor-stimulated cAMP production, CREB phosphorylation and CRE-mediated gene expression in brain cell lines. [44] [45] [46] Previous studies have suggested that CREB might be associated with both anxiety and alcohol preference. 47, 48 Haplodeficiency of the CREB gene and ethanol-induced decreases in CREB function have been shown to be associated with increased alcohol drinking in mice. 43 Thus, it is very likely that changes in CREB expression via ethanol may affect the functioning of the CRM modules Zih_1 and the after effect will likely be seen not only in metal ion homeostasis but also in ethanol response pathways.
It is known that different cis-elements, trans-acting factors, and/or use of alternative promoters can control the quantitative and spatiotemporal-specific expression of genes. 49, 50 Distance variability is also known to influence the selectivity of TFs to particular cis-elements. 51 Therefore, it is plausible that CREB and MTF1, as in model Zih_1, regulate the expression of Synj1, Tph1, Mt1 and Mt2, whose function contribute to 'metal ion binding and homeostasis'. On the other hand, they may join in an alternate configuration and regulate the expression of Mt1 and Mt2 along with many other genes (Table 3) to exert their effect on other cellular processes such as 'intracellular signaling cascade' and 'cell growth and maintenance.'
Regulation of cell cycle
Extensive analysis with the ER genes in subgroup 3 suggested three potential models: Ccr_1, Ccr_2 and Ccr_3. Model Ccr_1 is represented by TF ecotropic viral integration site-1 (EVI1) which binds as a dimer in the promoters of 80% of the genes ( Table 2 ). The other two models consist of motif CREB, SP1F, EGRF, TBPF and MAZF, however, their binding elements are present in only 40% of the promoters. Interestingly, growth arrest DNA-damage-inducible 45 gamma has been identified as a target gene of proto-oncogene EVI1. 52 Since a majority of the ER genes (e.g. v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (avian) (Erbb3), cyclin-dependent kinase inhibitor 1A (p21) (Cdkn1a), v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F (avian) (Maff) and B-cell translocation gene 3 (Btg3)) contain the CRM model Ccr_1 with a statistically significant score, this makes EVI1 the most prominent candidate TF as a regulator of these genes involved in cell cycle regulation (Figure 1b) . However, further analysis is required to validate the involvement of model Ccr_1 in the co-regulation of these genes in this context.
Apoptosis/programmed cell death
Similar analysis with the ER genes in subgroup 'apoptosis/ programmed cell death' revealed three potential models, Apo_1, Apo_2 and Apo_3 (Table 2) . Although TF motif CREB is present in all of them, model Apo_1 (Figure 1c ) representing CREB and SP1 is present in three of the five ER genes (60%). Interestingly, Bibliosphere analysis also identified these two TFs co-cited with this group of ER genes. Previous findings show that the transcriptional activation of serum/glucocorticoid-regulated kinase (Sgk) depends on an intact Sp1-binding site within the proximal promoter. 53 Numerous studies have also shown that SP1 binding within the Cdkn1a promoter is required for its expression in different cell and tissue environments. [54] [55] [56] [57] Similarly, CREB is known to be an important transcriptional co-activator that acts with other factors to regulate gene expression of Cdkn1a 58, 59 and play a role in many cell differentiation and signal transduction pathways. 60 CREB has also been identified in model Zih_1 in the Mt1 and Mt2 genes and is known to be involved in alcohol-related phenotypes. These findings confirm the validity of our result and suggest that CREB and SP1, as in model Apo_1, may participate in the co-regulation of this group of genes whose co-expression may contribute to ethanol's effect on apoptosis or programmed cell death.
Aside from the serotonergic and cAMP-mediated pathways as discussed above in relation to Tph1 and CREB correspondingly, there are a number of other biochemical pathways known to be modified by alcohol use. These include pathways for alcohol metabolism involving alcohol dehydrogenase and aldehyde dehydrogenase and their many variants, [61] [62] [63] [64] [65] the gabaergic system involving gamino-butyric acid receptors, 66 ,67 the dopaminergic system involving dopamine receptors, [66] [67] [68] [69] and the glutamate receptor system. 67 We did not find any regulatory elements or modules in our current research that may be involved in such pathways. However, ER genes known to be involved in each of these pathways could be studied together following the approach discussed in this manuscript. In addition, an extensive comparative analysis should be carried out. This may reveal some interesting information about the regulatory control of these genes in the transcriptome and provide more insight into the regulatory mechanism of alcohol action on biochemical pathways.
Conclusion
Earlier we proposed 9 that ethanol's action on genes and cellular pathways is eventuated as a 'domino effect' where the action of one or a set of genes affects the action of others which again cascades through the pathways and generates a global effect on metabolomics. Here, we sought a solution to a part of that bigger puzzle. It is important to understand the links in each interaction to understand the complete network. Genes that are responsive to ethanol and function in certain pathways must be regulated by common mechanisms such as cooperative TFs containing regulatory modules. In this research, we have identified such CRM for sets of ER genes belonging to different GO biological pathways and shown how different models of CRM may affect their contribution towards different pathways. Only a subgroup of all co-expressed genes could be shown to be related to coregulation but this is due to the facts that co-expression can be based on a variety of co-regulatory mechanisms and complete functional and biological information is not yet available for many of the genes. However, our analyses show the presence of statistically significant and distinct TF models contributing to different biological processes. In the 'zinc ion homeostasis' category, the genes Mt1 and Mt2 are activated by CREB and MTF1. We have also identified two new target genes of this model: Tph1, which may also function in the same pathway as the metallothionein genes, and Synj1, which acts in intracellular-signaling cascades. Alternate configurations of CREB and MTF1 may direct the function of the Mt1 and Mt2 genes along with over 100 others, to act in an 'intracellular-signaling cascade' and 'cell growth and maintenance. ' We have found that regulatory models involving CREB and SP1F can modulate the expression of Cdkn1a, Sgk3 and transformation related protein 53 inducible nuclear protein 1 (Trp53inp1) in apoptosis and programmed cell death. These predictions seem logical, since the action of ethanol has been implicated to affect a number of cellular systems including signal transduction, apoptosis and cell differentiation. 8, 9, 70 The Mt2 gene has previously been shown to be associated with ethanol preference. 37 We have used multiple methods in combination to verify these results repeatedly. Therefore, the final result is supported by several independent but complementary lines of evidence, such as literature searches with incorporated GO ranking for ER genes, promoter sequence analysis and statistical analysis for motifs, sequence analysis against promoter databases, GO ranking for models with statistical scoring, and additional manual literature searches for final screening. Future research on these TFs will help us understand how they themselves are activated, whether by initial ethanol trigger or by other signals triggered by ethanol, and will join TF elements together in a module that acts to activate the ER genes.
Materials and methods
Gene selection for analysis A total of 53 ER genes were selected (supplementary Table 1 ) which were identified through differential display and microarray analysis, based on their differential expression in mouse brain in response to ethanol in a previous study by Treadwell and Singh. 8 The results are based on total RNA isolated from whole brains, which were collected 6 h after intraperitoneal injection of (6 g/kg) ethanol (25%) or saline for weight-matched control from C57BL/6J (B6) and DBA/2J (D2) strains of mice. 8 The microarray results were confirmed by reverse transcription-polymerase chain reaction-(PCR) and real-time PCR as appropriate.
Literature analysis
Each selected gene belonged to one or more GO annotation groups. 9 This analysis was performed to subgroup our initial gene set into overrepresented GO groups based on the results from literature analysis. It was performed using BiblioSphere (version 5.13, Genomatix Software, www.genomatix.de) system, which integrates literature mining (scientific abstracts) with GO annotation analysis. Locuslink identifiers of the 53 genes (supplementary Table 1 ) were introduced into the BiblioSphere and the GO filter 'biological process' was applied to the result set. Each subgroup was scored by a z-score. Only subgroups with significant zscore value and meaningful association with the pathways potentially affected by ethanol were selected (Table 1) . Genes in each selected subgroup pertaining to specific GO biological process category were reanalyzed with Bibliosphere for identification of TFs co-cited with as many of the input genes as possible. Some of these TFs may be potential candidates for common regulators. Selection criteria for TFs were; first, each TF gene must be co-cited with at least two input genes; second, each TF gene must be at least two times co-cited with one input gene and finally, the co-citation must be at the sentence level in the abstract describing some function, that is co-citation was restricted to sentences with order 'gene y function word y gene.'
Transcription factor modeling Promoter sequences were extracted using the program Gene2Promoter (Genomatix software suite 3.4.1, www.genomatix.de) using default settings, 500 bp upstream and 100 bp downstream of the transcription start site. Genes belonging to a GO biological process group were analyzed together as a subset. It is known that the co-regulation of mammalian genes usually depends on sets of TFs rather than individual factors alone 71 and cis-acting-regulatory elements are often organized into defined frameworks of two 51 or more TFBS 72 and clusters of such motifs 73 Therefore, the 'FrameWorker' task of GEMS Launcher (version 4.1, Genomatix software, www.genomatix.de) was used to construct significantly common conserved CRMs generally consisting of two or more cis-elements where potential TF motifs bind on the promoter sequences of the input gene set. For this purpose, first, the promoter sequences of the genes were scanned for matches to the MatInspector TF matrix family library version 5 (all vertebrate section). The TF matches found were then used as basic motifs for the extraction of common CRM models by FrameWorker. The search was carried out setting the quorum constraint (the lower limit of sequences within the input set that has to contain the common CRM) from 40 to 100%. The distance range within which the cis-elements will be contained was set to 5-50 bp. CRM models with the best FW-scores and P-values were selected for ModelInspector analysis.
ModelInspector. (Genomatix software, www.genomatix.de) uses these models to scan DNA sequences for matches to these models. This way we can also verify the specificity of the models generated by FrameWorker. This approach also has the ability to identify other potential target genes of FrameWorker defined CRM models. For DNA sequences, Genomatix mouse promoter database was selected which contained promoters for annotated mouse genes. The threshold for the output of model matches was set to 100% (i.e., all elements of the model have to be present in the match for a model to appear in the output).
Model optimization
The FastM 51 task of GEMS Launcher was used to optimize selected models by changing the distance variability between the TFBS. The new distance range was set to 5-100. Each modified model was further assessed by ModelInspector. 
Functional association

